Electron supercollimation, in which a wavepacket is guided to move undistorted along a selected direction, is a highly desirable property that has yet been realized experimentally.
Dirac fermion materials are currently one of the most intensively investigated systems in condensed matter physics and materials science [1] [2] [3] [4] [5] [6] . Its conical electronic structure near the Dirac points gives rise to massless neutrino-like two-dimensional (2D) electron states [7, 8] . Due to the chiral nature of these Dirac fermion states, electrons interact with external potential in unusual ways, manifesting various interesting characteristics. In graphene, phenomena such as absence of backscattering by long-range potentials [9, 10] , Klein tunneling [11] , weakantilocalization [12] [13] [14] [15] , electron delocalization by one dimensional (1D) disorder [16] [17] [18] , and supercollimation of electron beams by some specific 1D external periodic potentials [19] have been observed or predicted. Here we present another surprising, counter-intuitive electron transport phenomenon in graphene and related 2D Dirac fermion systems, made possible by the carriers' unique linear dispersion relation and chiral nature. We discovered that electron supercollimation can be induced by 1D disorder potentials. An electron wavepacket is guided to propagate virtually undistorted along the fluctuating direction of the external 1D disorder potential, independent of its initial motion, as long as the disorder is large enough to produce a wedge-like dispersion in the bandstructure within which the k -components of the wavepacket are contained. To our knowledge, this phenomenon was not known in any medium previously.
Further, we find, for graphene in an external periodic potential that doesn't satisfy the supercollimation condition predicted in Ref. [19] , addition of disorder would enhance collimation. The more is the disorder, the better is the supercollimation. This robust novel phenomenon has significant implications in the fundamental understanding of transport in graphene, as well as in other materials with Dirac cone physics (such as surface states of topological insulators [5] or possibly certain photonics crystals [6] ), and has the potential to be exploited in the design of devices based on these materials.
We first discuss the predicted supercollimation by disorder in Dirac fermion materials using results from direct simulations ( Fig. 1) and then derived the phenomenon from perturbation theory. For the low energy carriers in graphene ( Fig. 2(a) ) and an external potential () Vx that depends only on x , we may set up an effective Hamiltonian for the electronic states [8] 00 v v ()
Here 0 v is the band velocity of the electron, i is the i-component Pauli matrix, i p is the idirection momentum operator, and I is the identity matrix in the space describing the pseudospin components of the electron wavefunction. We carried out direct numerical simulations on the Hamiltonian in Eq.
(1) using a spatially-correlated Gaussian disorder potential for () Vx.
Such a disorder potential is characterized by a two-point correlation function having show the evolution of the electron density (,) t r from the initial electron density shown in Fig.   1 (b). In the absence of a disorder potential, the Gaussian wavepacket propagates along the initial center of mass wavevector direction marked by the white arrow and spreads sideway. Its spread angle at which the electron density is half the maximum is 48.6 . With the 1D disorder potential () Vx () Vx, the electron package propagates nearly un-spread along the potential fluctuation direction,
which is x , regardless of the initial velocity direction. The spread angles are 0.5 and 0.7 at an incident angle (measured from the x-axis) of 0 and 45 , respectively. A very tiny fraction of the electron density forms a supercollimated trail (barely visible in Fig. 1(d) [21] .) The Green's function determines the time evolution of the electron wavefunction and density through
and
where the trace is defined with respect to the 22 (6) then, as a function of time, the electron density is given by (from Eqs. (4) and (5) 
The disorder potential () Vx generates a random phase accumulation for the electron which may be loosely thought of as an effective elastic mean free path s l or elastic collision time for electrons governed by 0 H . The quantity s l may be extracted from 0 G . In the expression for 0 G given by Eq. (2), the quantity ( , ') xx incorporate all the effects of () Vx. For a random potential, translation symmetry is restored by ensemble average [22] , so that ( , ') (
The form of in Eq. (3) dictates that ( ') xx has its maximum at ' xx , and decreases as 
The function 00 v ( ) will undergo supercollimation for nearly a micrometer.
We propose a possible experiment to demonstrate the predicted electron supercollimation phenomenon by measuring the conductance G in a geometry shown in Fig. 3(a) . In this set up, graphene or a Dirac fermion material is in contact with two electrodes that are separated at a distance L along theˆ direction. This direction is at an angle with respect to the 1D potential fluctuation directionx . The conductance G between the two electrodes is, according to the Kubo formula [23, 24] ,
with conductivity
where 0 v e j [25] . The quantity G RA is defined as G GG Electron beam supercollimation has been predicted theoretically in certain special graphene superlattices (SGS): a graphene sheet modulated by an 1D periodic potential satisfying certain specific conditions [19] . In the experimental realization of such SGS (e.g., using
substrate [26] , controlled adatom deposition [27] , ripples [28] under perpendicular electric field [29, 30] , or gating [31] ), it would be unavoidable to have some disorders in the external potential, which previously thought might impede the supercollimation effect. However, we found in this study that 1D disorder along the periodic potential modulation direction in fact In summary, through perturbation theory analysis and numerical simulations, we have discovered a highly counter-intuitive phenomenon of electron supercollimation via 1D disorder potential in graphene and other Dirac fermion materials. To our knowledge, this phenomenon is not seen in any other systems. 
The retarded Green's function of 0 H to infinite order in () Vx is, (, ' ,) 
To obtain (2) 11 (,) rt on average, we estimated rl . This is justified by the numerical wavepacket simulation with spatially-correlated Gaussian disorder potential described in the main text. In this section, we discuss an additional condition for observing supercollimation using an external disorder potential: the upper bound for disorder correlation length c l .
Firstly, c l should be shorter than the phase coherence length L of the system. Phase coherence length is the length scale beyond which there is no interference effect or no phase coherence [4] . It is originated from the incoherent and irreversible processes due to coupling of an electron to the environment such as interaction with phonons, other electrons, and impurities with internal degrees of freedom. For the case of pristine graphene, it is~0.5 m [5] . We may expect that for a sample with c lL , an electron would see a more or less constant potential before losing its phase-coherence. In this case, the broadening in the spectral function is originated from the distribution of the constant potential heights, not from the random phase accumulation in each member of the ensemble. In contrast, if c lL , the electron sees the potential variation before losing phase coherence and the external potential plays a role of a disorder potential. Then, broadening in the spectral function is originated from the random phase accumulation of the electron.
Secondly, there is another consideration on the upper limit in c l set by the reflection of a charge carrier from a slowly-varying potential. It is known that if an electronic state in graphene with wavevector 0 k encounters a slowly-varying p-n junction such that the external potential changes by 00 v k over a distance dc, the propagating state will be partially reflected from the junction if 0 1 c kd [6] . We have considered a potential with characteristic variation in strength by over a distance of~c l ; hence, in our case, the distance dc for partial reflection corresponds Combining these two effects, the upper bound on c l for observing supercollimation discussed in our paper is roughly given by the shorter of the two lengths, L and PN L .
Upper bound for the random phase accumulation length s l
For observing the supercollimation phenomenon, the standard elastic mean free path due to usual isotropic distribution of static scatterers such as charged impurities for the case of regular graphene also provides an upper bound for the value of s l of the external 1D disorder potential.
9. Supercollimation in graphene with tight-binding model.
The discussions and calculations above are done based on the low-energy Dirac
Hamiltonian given by Eq. (1) in the main text. We have also carried out simulations using aband tight-binding Hamiltonian with nearest-neighbor hopping integral ( t =2.7 eV) for graphene with an on-site Gaussian disorder potential fluctuating along the x direction shown in Fig. S2 (a) below. We used in the simulations a graphene supercell that is 1 m long along the x direction. 
